Despite being a highly valuable key-stone ecosystem, seagrass meadows are threatened and declining worldwide, creating urgent need for indicators of their health status. We compared two indicators for seagrass health: standing leaf area index versus relative recovery from local disturbance. Disturbance was created by removing aboveground biomass and recording the rate of regrowth for Zostera marina meadows exposed to contrasting wave regimes and nutrient stress levels.
Introduction
Seagrasses represent one of the most valuable resources in the coastal landscape for the ecosystem services they provide. Seagrass meadows can be found in coastal areas worldwide, are defined as keystone species (Zieman et al., 1999) and are known to be highly sensitive to environmental status (Orth et al., 2006) . Their development and distribution depend on various conditions such as light and nutrient availability (Duarte, 1991; Grice et al., 1996; Wicks et al., 2009) , sufficiently sheltered hydrodynamic conditions and low sediment dynamics (Koch, 2001; Eriksson et al., 2010) . Despite their capacity to adapt and to cope to some extent with environmental changes, seagrasses suffer rapid and large-scale losses worldwide, their distribution is declining and their survival threatened (Orth et al., 2006) . Anthropogenic influences, causing changes in soil chemistry, nutrient loading, hydrodynamics and sediment dynamics are responsible for the seagrass disappearance over the last 40 years (Orth et al., 2006 and references therein; Waycott et al., 2009 ).
With the rapid loss of seagrasses, monitoring programs were initiated in the last two decades to better estimate the evolution and status of seagrasses (Duarte et al., 2004) . For most monitoring programs like seagrass watch or seagrass net, seagrass density or percent ground cover are commonly used indicators to evaluate a meadow status along transects or quadrats (McKenzie et al., 2003; Duarte et al., 2004; Short et al., 2006) . With these measurements, seagrass status can be evaluated by comparing cover maps over defined periods of time and to observe the evolution and status of the meadow (i.e. healthy or in decline). These monitoring programs also use environmental parameters such as water and sediment quality in combination with seagrass measurements to infer the causes of changes in seagrass cover and distribution (Duarte et al., 2004; Short et al., 2006; Neckles et al., 2012) .
Several recent studies have argued that seagrass systems follow alternative stable state theory, implying hysteresis in the transition between vegetated and unvegetated states (van der Heide et al., 2007 Carr et al., 2010 Carr et al., , 2012 . This has profound effect on the resilience of the system, i.e. the capacity of recovery of the system to its initial state (equilibrium) after a perturbation. According to Holling (1973) , resilience refers to the size of the valley, or basin of attraction, around a state, which corresponds to the maximum perturbation that can be taken without causing a shift http://dx.doi.org/10.1016/j.marpolbul.2014.07.057 0025-326X/Ó 2014 Elsevier Ltd. All rights reserved.
to an alternative stable state (cf. Scheffer et al., 2001) . As resilience is a difficult parameter to measure directly, recovery rates from disturbance are used as an indicator. This is based on model explorations (e.g. van Nes and Scheffer, 2007) which showed that at higher stress levels, when the system approaches its tipping point, it will exhibit a slower recovery rate from disturbance. This phenomenon is referred to as 'critical slowing down' (Dakos et al., 2011) . It still remains largely unknown whether critical slowing down can be used in practice as an indicator or early warning signal across ecosystems (Hastings and Wysham, 2010) . As a matter of fact, the main support for the existence of critical slowing down originates from theoretical models based on long-term data and on specific systems (Boettiger and Hastings, 2013) .
As seagrasses are disappearing fast worldwide, there is, in addition to good monitoring programs, need for indicators for their capacity to recover from disturbances. In this study, we aim to find the relationship between (i) a traditionally used indicator for seagrass health from global monitoring programs (i.e., seagrass cover) and (ii) a theoretically suggested indicator for seagrass health in terms of resilience to disturbances (i.e., critical slowing down). To compare both indicators, we combined vegetation monitoring with a disturbance-recovery experiment by above-ground biomass removal, at two nutrient-stress levels (i.e., ambient versus nutrient enriched) and at two hydrodynamic contrasting field sites (i.e., relatively sheltered versus wave exposed). Sediment nutrient enrichment was used to impose contrasting stress levels within each field site, to which both indicators can respond. Stress differences can be due to creation of eutrophic conditions or by alleviating nutrient limitations. For both nutrient levels, at both sites, disturbance was imposed by removing the above-ground cover by mowing the leaves, as typically occurs due to animal grazing or boat anchoring. Overall we aim to test the hypothesis that the indicator for seagrass health (i.e., seagrass cover) and the indicator for seagrass resilience (i.e., critical slowing down) give similar response to sitespecific conditions and nutrient induced stresses, but may vary in the strength of their response. That is, we compare the correlation between the responses of two indicators (leaf area index, as a quantitative proxy for the generally by experts quickly estimated seagrass cover, for seagrass health versus critical slowing down of recovery for seagrass resilience) under different interacting environmental settings (i.e., wave exposed versus sheltered and ambient nutrient versus nutrient enriched).
Material and methods

Field sites
Indicators of seagrass health were compared at two sites varying in their exposure to hydrodynamics, located in the Shandong province (China) close to the city of Weihai (Fig. 1) . The sheltered site (SS) is located in ''Yuehu lagoon'' or ''Swan Lake'' (N37°20 0 58.2 00 ; E122°34 0 48.4 00 ) and has a small tidal inlet (86 m wide) and shallow waters (<2 m) all over the lagoon. In contrast, Dongchu Island (N37°02 0 28.1 00 ; E122°34 0 11.4 00 ) is a more exposed site (ES) with strong hydrodynamics and a rocky shore open to the sea. Both sites have a dense and healthy Zostera marina (Linnaeus, 1753) meadow, which is also exploited for aquaculture in SS (i.e., mainly for sea cucumber and shellfish). Hydrodynamics were not measured during the experiment, but the geographical situation and wind fetch of both sites allowed us to define their relative exposure: a shallow lagoon as SS and an open-sea system with a rocky shore and visible waves on the shore close to the meadow as ES (personal observations). In winter, SS is a refuge for swans migrating from Siberia and eating on the seagrasses but not as their main food (personal communication with local people). The sheltered site is expected to have stronger anthropogenic influences due to its limited water exchange with the open sea and high human population density along the shore.
Experimental design
A nutrient addition experiment was implemented simultaneously in both ES and SS seagrass meadows at the beginning of the growing season (i.e., 4th of June 2012). Each treatment was replicated 5 times, i.e. 10 fertilized plots (5 with a gap and 5 without a gap), and 10 non-fertilised control plots (5 with a gap, 5 without a gap). We measured standing leaf area index (LAI standing ) as a proxy for the traditional monitoring method (i.e. percent cover, indicator 1) and we derived the relative recovery in mown gaps as a proxy for resilience, related to critical slowing down. Instead of using multi-parametric indexes developed as part of the European Water Framework Directive (i.e. ZONI, POMI, BIPO; KrauseJensen et al., 2005; Marbà et al., 2012; García-Marín et al., 2013; Mascaró et al., 2013 ) LAI standing was chosen as a proxy to evaluate a simple and common indicator such as cover in comparison with more theoretical concepts by using regrowth/recovery (critical slowing down) in the assessment of seagrass health and resilience (i.e. seagrass watch). Relative recovery (%RC) was obtained by expressing the absolute regrowth in the mown graph (LAI regrowth ) as percentage of the simultaneously occurring increase in leaf area in the surrounding vegetation (plots without gap, DLAI standing ). The experiment ran from the 4th of June until the 19th of July 2012, giving a total of 46 days at both sites.
Nutrient enrichment was applied by adding slow release inorganic fertilizer (N:P:K = 26:11:11) directly into the sediment, thus creating two nutrient levels: ambient nutrient (no addition) and high nutrient treatment (1500 kg N/ha added). Concentrations for the high treatment were calculated as a function of nitrogen addition since nitrogen is documented as the limiting nutrient for seagrasses in many temperate systems (Zimmerman et al., 1987; Touchette and Burkholder, 2000) . Nutrient additions were chosen to be really high, comparable to levels used in agriculture in the Shandong province (Ju et al., 2006) . The desired quantity of fertilizer was evenly injected with syringes into the sediment for each circular plot of 1 m diameter (0.78 m 2 ). High nutrient ('nutrient') and ambient nutrient ('control') treatments were randomly distributed in the study area at both sites and in seagrass areas of similar cover.
Circular gaps of 0.5 m diameter in the centre of each plot were created by mowing the leaves, leaving the below ground and sheaths in place. Rhizomes around the gaps were cut to limit lateral carbon transfer and to limit shoots recovery on the basis of their reserves outside the gap, in order to measure regrowth independently from the surrounding meadow. The leaves cut from each gap treatment were used to measure tissue content (C:N ratio) and total removed biomass.
Sampling and analysis
Seagrass, water, sediment and porewater samples were collected at the start and the end of the experiment to evaluate the status of the meadows. Water temperature and depth, as well as light available to the seagrasses, were monitored over the experimental period. Light and water temperature were measured using two HOBO Pendant Temperature/Light loggers (64 k -UA-002-64, ONSET) at a frequency of 1 measurement every 15 min during the whole experiment. Water depth was monitored by using Sensus Ultra pressure sensors (SU-R-B, Reefnet Inc.), set up with the standard configuration provided by the constructor (Reefnet Inc.). Two of each logger were placed in couples (i.e., 1 Hobo and 1 Sensus ultra) within the study area for each site. Salinity was measured every two weeks by using a YSI Pro multimeter.
Seagrass samples
Seagrasses were sampled in the experimental area at the start of the experiment in a surface of 0.09 m 2 for biomass and morphological measurements and replicated three times. The leaves mown in the 0.5 m gaps were kept for biomass measures. At the end of the experiment, gap-control plots were sampled in 0.09 m 2 cores and all plants in the 0.5 m diameter gaps were collected. After mowing/sampling, seagrasses were directly cleaned a first time in seawater before being transported to the laboratory for measurements. The plants were carefully rinsed and cleaned in fresh water to remove epiphytes and any sediment left. The total number of shoots per sample, and their total wet biomass were directly noted. Subsamples of 10 shoots per sample were randomly selected for morphological measurements. Leaf length and width, root length, rhizome length and thickness, number of leaves per shoot, and single shoot wet biomass were measured for all replicates. Then, for the whole sample, leaves, rhizomes and roots were carefully separated, frozen and subsequently frieze-dried for dry biomass measurements. Leaf surface per shoot, above ground (AG) and below ground (BG) biomass, AG/BG ratio were calculated from the averaged values of dry biomass and morphological measurements. ). LAI was measured by using the total leaf width and leaf length to compute the surface of each leaf and then multiply by the shoot density per m 2 . DLAI standing is calculated as the difference between LAI standing (t end ) and LAI standing (t 0 ). The LAI regrowth in the mown gaps, i.e. the LAI recorded after 46 days of regrowth, was used as a proxy for absolute recovery. To enable comparison between sites, we calculated the relative recovery (%RC) by dividing LAI regrowth by DLAI standing and multiplying by 100%. We assumed that a lower relative recovery is indicative for a slower return of the system to its initial state and hence is representative of a critical slowing down in the system response to disturbance.
Sediment samples
Sediment samples were collected at the start and the end of the experiment by inserting a clean and single use plastic 20 ml syringe into the sediment to collect the top 5 cm of sediment. Once sampled, sediment was placed into individual plastic bottles and conserved into iceboxes for transportation to the laboratory where they were stored in a freezer before analysis. Sediment grain size measurements were done on freeze-dried samples using a Mastersizer 2000 Laser particle Sizer (Malvern Instruments Limited, UK). TN% and %TOC in sediment were analyzed by a CNS Analyzer (Vario MACRO CN) on dry and ground samples.
Porewater and water samples
20 ml syringes connected to Rhizon MOM 5 cm female luer (19.21.22F) (Rhizosphere research product, Wageningen, The Netherlands) were used to sample porewater directly in the field. The Rhizon was placed into the surface sediment and the syringe left at the top of the sediment while the Rhizon progressively extracted porewater from the first 5 cm of sediment. Water samples were collected in the experimental area at the start and at the end of the experiment with 50 ml single use plastic syringes. Collected porewater and water samples were transferred into a plastic bottle after being filtered with pinhole filters of 25 mm diameter and 0.45 lm pore size connected to the syringe. Samples were transported into iceboxes before being frozen at the laboratory. Porewater and water total nitrogen, NO 3 À , NO 2 À , NH 4 + , and total phosphorus were measured using a nutrient auto-analyzer utilizing gas-segmented continuous flow analysis (AutoAnalyzer 3, Branluebbe, Germany).
Statistical analysis
Differences between sites at the start of the experiment, independent of treatments, were analyzed using the non-parametric Kruskal-Wallis test, as the dataset could not meet with the homogeneity of variances and normality assumptions. Differences in seagrass morphology at the start and end of the experiment, and between sites at the end of the experiment for control treatments were then tested with independent T-tests on SPSS (IBM Ò SPSS Ò Statistics Version 19). The influence of the two factors 'Site' (SS versus ES) and 'Nutrients' (enriched versus control) and their interaction effect on leaf surface per shoot, shoot density and LAI (LAI standing (t end ) and DLAI standing ), absolute (LAI regrowth ) and relative recovery (%RC) from gaps after 46 days were checked with 2-way ANOVA. Statistical differences between means were measured using independent samples T-tests with only one factor treatment (a combination of site and nutrient enrichment treatment) and by grouping variables according to each factor. Normality and homogeneity of the data were previously checked, along with interactions between factors. When necessary, data were transformed to meet with ANOVA assumptions. Data are presented as means (±SE), and three significance level of 1%, 5% and 10% are used in all analyses to create three levels of statistical significance, respectively: high significance ( *** p < 0.01), intermediate signifi-
cance ( ** p < 0.05) and low significance ( * p < 0.1).
Results
Seagrass meadows characteristics and environmental status
At the start, no significant differences for most morphological measurements were observed between the two Z. marina seagrass meadows (Table 1) . Both sites presented a similar leaf area index (LAI). Inorganic nitrogen in the porewater at the non-enriched plots decreased strongly during the experimental period ( 
Nutrient enrichment and site effects on LAI standing (indicator 1) and other static meadow characteristics
Mostly no main effect of nutrient addition was detected on LAI standing (indicator 1), shoot density and leaf surface per shoot (Table 2) . Nevertheless, at the sheltered site nutrient enrichment resulted in an increased LAI standing (1.5 times, p = 0.008 *** ; Fig. 2c and Table 3 ) and tended to have an increased shoot density (1.2 Table 1 Water porewater, sediment and seagrass characteristics of both sites at start and for the two nutrient treatments at the end of the experiment (only for undisturbed plots). times, p = 0.008 * , Fig. 2b and Table 3 ). Leaf surface per shoot (Fig. 2a) was approximately 175% higher at the sheltered site (SS) than at the exposed site (ES) whereas shoot density was approximately 225% higher at ES than at SS (Fig. 2a, b and Table 3 ). LAI standing was 1.5 times higher in ES than in SS in the nutrient treated plots (p = 0.095 * ), but there was no difference between sites ). LAI standing (c) is the product of shoot density and leaf surface per shoot (dimensionless) and represents the indicator 1 for 'control' and 'nutrient' treatments. LAI regrowth (d) or absolute recovery represents the LAI, so indicator 1 for gap treatments ('control' and 'nutrient') . Relative recovery (e) represents indicator 2 and is the recovery from gaps as a function of DLAI standing expressed in percent.
in the control plots (Table 3 , Fig. 2c ). There were no interaction effects of site and nutrient addition on LAI standing , shoot density and leaf surface per shoot (Table 2) . No significant amounts of epiphytes were noticed at both sites among treatments over the experiment.
3.3. Nutrient enrichment and site effects on the relative recovery (%RC; indicator 2) and the absolute recovery (LAI regrowth )
The above ground -below ground ratio was similar at the start and the end of the experiment. In addition the above-ground biomass removed at the start of the experiment was not significantly different between the two sites, which allowed us to compare regrowth and relative recovery over the experimental period.
Relative recovery (%RC; indicator 2) was higher at the sheltered site than at the exposed site, and was negatively affected by the nutrient enrichment (Table 3 , Fig. 2e ). However, relative recovery also showed an interactive effect, indicating a stronger negative nutrient effect at the sheltered site (Table 3 , Fig. 2e ).
In the control treatment, relative recovery was 3 times higher in SS than in ES (Fig. 2e) , resulting in a relative recovery in SS that even exceeded the LAI standing in the undisturbed meadow ( Fig. 2c and e) and for most replicates. On the other hand, the nutrient treatments at both sites and the control site of ES showed a much lower relative recovery below 50% in all instances ( Fig. 2e; Table 3 ). This shows a clear difference between sites where SS has a higher recovery than ES only in the control treatment, whereas it has a lower LAI standing compared to the three others showing a regrowth of half or less as compared to the surrounding meadow. Absolute recovery did not significantly differ between sites and nutrient treatments or their interaction ( Fig. 2d; Table 2 ).
Correlation cover -recovery
The two indicators, LAI standing (i.e. quantitative proxy for cover) as indicator 1 for seagrass health and the relative recovery (%RC) as indicator 2 for seagrass resilience, showed an inverse relationship with a R 2 = 0.82 and correlation coefficient r = 0.9 (Fig. 3a) . This means that the two indicators gave an opposite prediction on ecosystem health, indicating that the relative recovery is lower in meadows with a higher cover. Nutrient enrichment clearly affected the response at both sites by increasing the LAI standing whereas relative recovery tended to decrease. This effect is most clear at the sheltered location. Indicators in ES responded similar but with more variability (i.e., large SE). The correlation between absolute recovery and LAI standing also gives a negative relationship with coefficients R 2 = 0.76 and r = 0.87 (Fig. 3b) , demonstrating that the inverse correlation between LAI and recovery is not the result of an autocorrelation caused by comparing LAI standing and relative recovery (=absolute recovery divided by LAI standing ).
Discussion
Seagrasses are threatened worldwide (Orth et al., 2006) , emphasizing the need for better indicators of their health status and their resilience to disturbance (Duarte et al., 2004) . We compared the response of two indicators of seagrass health (i.e., leaf area index as a direct indicator of health versus relative recovery as an indirect indicator of resilience) in different stress levels from hydrodynamic exposure and nutrient availability. Our experiment showed that the two indicators were inversely related with a lower recovery when cover was high (Fig. 3) . The sheltered site had much larger plants and lower shoot densities than the exposed site (Fig. 2) , resulting in a LAI standing that was comparable among sites (being a product of plant dimensions and shoot density). The first indicator, LAI used as a quantitative proxy for plant cover, tended to increase with nutrient addition (Fig. 2c) , whereas the second indicator, relative recovery, tended to decrease in response to nutrient addition (see Fig. 2e ). This opposite response may explain the inverse relation between both indicators.
Best estimate for seagrass health and resilience?
The two indicators imply a negative relationship (see Fig. 3 ): when LAI standing increases, relative recovery decreases. This observation seems contradictory with the concept behind the basic monitoring approaches looking at biomass or cover to estimate a seagrass meadow resilience and health status (Orth and Moore, 1988; McKenzie et al., 2003; Short et al., 2006) and the concept of seagrass conservation. Seagrass meadows with a high cover, relating to a healthy status, are supposed to have higher tolerance to stress. Our measurements indicate that the more biomass a vegetation has, the harder it is to recover to the pre-disturbance level, as this requires re-growing a lot of biomass. If the cover is lower, this may provide a better chance to fully recover as it requires less regrowth. The control treatment at the sheltered site had even more growth than the undisturbed plots by a factor 1.5 (Fig. 3) , which indicates that, at this site, space and/or light may have been limiting in spite of the relatively low standing biomass, as was for example also observed in heavily grazed meadows (e.g. Christianen et al., 2012) . Carbon reserves (data not available) could have played an additional role in the evaluation of recovery, as they might differ between sites as a function of local abiotic parameters and meadow conditions over winter. Under higher wave-induced disturbance in the exposed site, we observed the highest cover but lower relative recovery (Fig. 3) . Overall, our results suggest that a high LAI standing may not always indicate high resilience against disturbance.
Relative recovery in our experiment was used to emphasize the effect of critical slowing down, an indicator developed after Wissel (1984) . In their review of early warning signals to predict critical transitions, Scheffer et al. (2009) refer to critical slowing down when a system becomes increasingly slow in recovering from small perturbations. This indicator can be detected in systems via early warning signals such as an increase in variance of the monitored variable, an increase in auto-correlation and a slower recovery from disturbances (Scheffer et al., 2009; Dakos et al., 2011) . Such early warning signals have been shown to be accurate in some model simulations (van Nes and Scheffer, 2007; Scheffer et al., 2009; Dakos et al., 2011) , but not in others (Hastings and Wysham, 2010; Boettiger and Hastings, 2013) . Nonetheless, in practice it remains difficult to verify and use them. Measuring relative recovery or even recovery rates seems the most appropriate method to relate to experimental and easily collectable data. The reduction in recovery rates in the sheltered site in the presence of nutrient addition, suggests that nutrient addition would reduce the resilience of the system, putting the system closer to its bifurcation point (Wissel, 1984; Scheffer and Carpenter, 2003; van Nes and Scheffer, 2007; Scheffer et al., 2009; Downing et al., 2012) . The same is observed at the exposed site, be it to a less strong extent. Henceforth, our recovery measurements, used as proxy for critical slowing down, suggest that nutrient addition reduces the resilience of the seagrass meadows (Fig. 3) . This is in line with general theory, but our results also show that the anthropogenic pressure, assumed to be very high in the sheltered site as compared to the exposed site (in terms of eutrophication), does not form yet a strong stress regime to the seagrasses in our experimental area, as LAI standing generally increases when nutrients are added.
The inverse relationship between cover and recovery (as indicator for approaching collapse) may well be a common plant biological phenomenon in eutrophication gradients. The mechanisms underlying this phenomenon may result from the unimodal response of plants to nutrient enrichment. Plant dimensions generally increase following fertilisation, leading to longer and wider leaves and thus increased cover and above-ground biomass (Short, 1983; Marschner, 1995) . However when nutrients, particularly nitrogen, are in excess, the plant physiological and growth response are negatively affected. This is due to nitrogen toxicity, and in aquatic or marine systems additional algal overgrowth, which both lead to a higher demand of carbon skeletons, thus causing physiological imbalance, ultimately leading to mortality and collapse (Pearson and Stewart, 1993; Marschner, 1995;  for seagrasses reviewed in: Touchette and Burkholder, 2000; Burkholder et al., 2007) . Along this eutrophication trajectory, prior to collapse, increasing plant cover thus may coincide with increasing physiological imbalance, which likely diminishes plant recovery potential.
Seagrass health indicators: a timing effect?
Our results show that two basic indicators can give an opposite indication on seagrass health status and on their resilience to environmental stresses. Monitoring tools developed for several years by using cover or some other static morphological parameters are relevant when applied in time over specific locations to understand the status of a seagrass meadow and its evolution in time. However, our results show that a single measurement may be misleading as an assessor of the health status of a seagrass bed. According to our results, an increased cover may be accompanied by reduced recovery potential showing reduced resilience and indicating nearness of collapse, which is contradictory with most seagrass conservation and monitoring goals. Nevertheless, in order to interpret cover data, monitoring and studies on species resilience need a system-specific approach, depending on several external variables in the surrounding environment but also need to include information on the timing and spatial organisation (i.e. patchiness, depth distribution, meadow edge, etc.) of the system studied (Neckles et al., 2012) . The choice of indicators, as suggested by the European Water Framework Directive, should include several parameters at the individual, the population and the landscape scale (i.e. multiparametric indexes for seagrasses such as POMI, BIPO, and ZONI; Mascaró et al., 2013) . The aim of our study was to investigate how a basic and simple indicator (as used in Seagrass watch but also in multi-parametric studies) could alone compare to a more theoretical approach (critical slowing down) in estimating seagrass health status and resilience.
Our experiment was run between June and mid-July, which corresponds to the first phase of the growing season for these plants. Because seagrasses are seasonal plants, timing represents an important parameter to consider when measuring recovery. The seasonal development of LAI may affect both standing LAI and regrowth rate and the outcome of such experiment, requiring further study. In addition, the length of the time period used for measuring regrowth could have an effect on the indicators' response. Further research on LAI and recovery over time is required to better evaluate seagrass health and resilience to disturbance over the growing season. Furthermore, our study showed that the response and resilience to disturbances is affected by site-specific environmental variables. A site-specific approach involving a higher resolution in space and time would further elucidate resilience dynamics.
